Study design: Lithium has attracted much attention as a neuroregenerative agent for spinal cord injury in animal models. We hypothesized that the lithium can be beneficial to patients with spinal cord injury. The safety and pharmacokinetics of lithium has been studied in our earlier phase I clinical trial, indicating its safety. This is a phase II clinical trial to evaluate its efficacy on chronic spinal cord injury patients. Objectives: The aim of this study was to investigate the efficacy of lithium on chronic spinal cord injury patients. Setting: A major spinal cord injury rehabilitation center in Beijing, China. Methods: Randomized, double-blind, placebo-controlled 6-week parallel treatment arms with lithium carbonate and with placebo. A total of 40 chronic spinal cord injury subjects were recruited. Oral lithium carbonate was titrated or placebo was simulated to maintain the serum lithium level of 0.6-1.2 mmol l À1 for 6 weeks, followed by a 6-month follow-up. The functional outcomes and the neurological classifications, as well as the safety parameters, adverse events and pharmacokinetic data were carefully collected and monitored. Results: No significant changes in the functional outcomes and the neurological classifications were found. The only significant differences were in the pain assessments using visual analog scale comparing the lithium and the placebo group. No severe adverse event was documented in the study. Conclusion: The lithium treatment did not change the neurological outcomes of patients with chronic spinal cord injury. It is worth to investigate whether lithium is effective in the treatment of neuropathic pain in chronic spinal cord injury. Sponsorship: China Spinal Cord Injury Network Company Limited.
INTRODUCTION
Lithium attracted much attention as a potential neuroregenerative agent for spinal cord injury in 2004 when Yick et al. 1 reported that lithium treatment reinforced regeneration-promoting effects of the chondroitinase ABC on rat rubrospinal neurons. In 2011, Wong et al. 2 reported the safety and pharmacokinetic study of lithium in chronic spinal cord injury patients. Wong's investigation is the first step of series of clinical trials supported by the China Spinal Cord Injury Network to assess the effects of umbilical cord blood and lithium on chronic spinal cord injury. We designed the current phase II clinical trial to investigate the safety and efficacy of the 6-week oral lithium carbonate treatment of chronic spinal cord injury.
MATERIALS AND METHODS
This study is a prospective, randomized, double-blind, placebo-controlled efficacy trial to evaluate the effects of lithium carbonate on neurological findings and functional outcomes in patients with stable chronic spinal cord injury. We defined stable chronic spinal cord injury as 12 months or longer after injury with no change in American Spinal Injury Association (ASIA) Classification of A, B or C for at least 6 months. The Institutional Review Board of China Rehabilitation Research Centre (CRRC) approved the study protocol, and informed consent and the trial was registered at www.clinicaltrials.gov (NCT00750061). A total of 40 eligible patients were recruited from CRRC, Beijing from 2008 to 2009. The investigation adhered to the principles of the Declaration of Helsinki and International Conference on Harmonization Guidelines for Good Clinical Practice. All patients gave written informed consent before their enrollment.
Subject population
Patients, 18-60 years old, with C4 to T10 spinal cord injury more than 12 months and ASIA impairment scale of A to C unchanged for more than 6 months were eligible. Exclusion criteria included: hypersensitivity to lithium; significant renal, cardiovascular, hepatic, psychiatric or other medical diseases; associated severe brain injury; concomitant intake of drugs interacting with lithium; history of alcohol or drug abuse; and pregnant or lactating women and women reluctant for effective contraception.
Study design and drug administration
A total of 40 eligible patients were randomized into two groups. The subjects in the Treatment Group received lithium carbonate, while the Control Group received placebo. Neither the subjects nor the physicians knew which group the subjects were allocated to. Each subject received oral lithium carbonate or placebo for 6 weeks. The dose was adjusted according to the serum lithium level report, the real lithium report in the Treatment Group and a sham report in the Control Group. The outcomes were assessed 6 weeks and 6 months after the onset of the medication, and were compared with baseline pre-treatment data to obtain 'neurological change scores' . The efficacy and safety were analyzed comparing the results of the Treatment Group with those of the Control Group.
Dose modification
The dosing regimen aimed at achieving therapeutic level of lithium is 0.6-1.2 mmol l À1 . Dose titration followed the schedule shown in Figure 1 . All the enrolled subjects began with three tablets (250 mg lithium carbonate per tablet or placebo) daily. Seventy-two hours (day 3) after the initial oral intake, blood was sampled and serum was shipped to a designated center to measure lithium concentration. The actual serum lithium level was reported if the subject was in Lithium Group whereas a pre-scheduled sham result, based on our previous study, was reported for subjects on placebo. The reporter of the lithium test was independent and non-blinded regarding the treatment grouping. The investigator was advised to adjust the daily dosage based on the report according to the following scheme if the clinical condition allowed:
If the serum lithium concentration reached the level of 0.6-1.2 mmol l À1 , no adjustment of dosage was required. The same dosage was maintained for 6 weeks. If the initial serum lithium at day 3 did not reach the minimum level of 0.6 mmol l À1 , an additional 250 mg tablet was added. Blood was sampled at week 1. If the minimum level 0.6 mmol l À1 was still not achieved, an additional 250 mg tablet would be added and blood was sampled again at 72 h post-dosage adjustment. This was repeated until the criterion of 0.6-1.2 mmol l À1 was reached.
If the lithium levels exceeded the maximum level of 1.2 mmol l À1 and below 1.5 mmol l À1 without presenting any symptoms of intoxication at day 3, the dosage was reduced by one tablet, that is, 250 mg. Blood for lithium was taken at week 1. If the serum concentration still exceeded the maximum level, the subject was withdrawn from the study and serum lithium level was determined 5 days afterward. If the minimum level of 0.6 mmol l À1 was reached, no further readjustment of drug dosage was required and the subject was maintained at that dosage level for the remainder of the 6-week treatment period.
Efficacy evaluation
The primary study endpoints were the changes in the neurological scoring, from baseline (Visit 2) to week 6 (Visit 4) and month 6 (Visit 5), specifically: 
Safety evaluations
Safety profile included adverse events, vital signs, electrocardiogram, routine blood and urine tests, hepatic, renal and thyroid function tests, and neurological assessments.
All patients were monitored for adverse events. Clinical assessment included side effects of lithium, body weight, vital signs (temperature, pulses, respiratory rates, blood pressures in the sitting position), VAS for any pain all over the body, Ashworth scale of limbs below the neurological level and ASIA scoring. Scheduled blood tests were done to monitor the renal, liver, thyroid and parathyroid functions. In addition, full blood count, clotting profile, serum glucose level and urinalysis were performed to document any other possible adverse events. Electrocardiography was used to monitor cardiac status.
Statistical analyses
Sample size calculation was estimated on the basis of motor score changes, using the method of Zhao. 3 On the basis of our observational study, the required total sample size to achieve an 80% power (b¼0.2) at 5% probability of type I error (a¼0.05) for correctly detecting such difference of 5 motor score change is 18. On the basis of this calculation, this trial enrolled 40 subjects in total, 20 subjects per group.
Primary and secondary efficacy analyses were performed on the per-protocol set, the dataset that has excluded the cases of poor compliance, dropouts and so on. The safety analysis set consists of the subjects who have taken at least one tablet of the investigational product.
All statistical tests were two-tailed, deemed significant when Po0.05. The light touch score, pin prick score, motor score and VAS (for pain) were tested with Wilcoxon rank sum; the ASIA Impairment Scale, MAS (for spasticity) were tested with Cochran-Mantel-Haenszel statistics and the FIM motor score was tested with Student's t-test. The safety analysis was comparing the incidence of subjects with adverse events and the incidence of adverse events between the two groups.
Data locking and unblinding
After data input, verification and confirmation, the first-time unblinding was done, allowing the statistician to know the group assignment of each subject and to compare the data of the two groups statistically.
After the statistical summary is confirmed, the second unblinding was done, allowing the summary reporter to know whether Group A or Group B is Lithium Group or Placebo Group in order to write the trial report. In this trial, Groups A and B were, respectively, Placebo and Lithium Groups.
RESULTS
A total of 40 eligible subjects were randomly allocated to receive lithium carbonate (250 mg per tablet) or placebo for 6 weeks. Among the 40 subjects, 20 were treated with lithium carbonate and 20 with placebo. Table 1 and 2 compare demographic data and etiology. The randomization achieved balance of observed demographic characteristics and injury etiology between the two treatment groups. Two (10%) patients in each group dropped out of the study. Table 3 lists the reasons for the dropout as being due to adverse events. The baseline light touch scores are a little different. At the beginning, the baseline scores did not differ between the two groups (53.80 ± 20.786 vs 43.45 ± 23.091 in lithium carbonate and placebo groups, respectively, P¼0.081, full analysis set), but after the four subjects dropped out, the baseline scores became significantly different (54.44 ± 20.267 vs 40.72 ± 22.741 in lithium carbonate and placebo groups, respectively, P¼0.040, per-protocol set).
Primary outcomes
The changes of motor scores, light touch scores, pin prick scores and AIS from after 6 weeks intervention therapy and 6 months followup were small in both lithium carbonate and placebo groups. The difference of the changes between the two groups is not of statistical significance.
Secondary outcomes
The FIM motor scores, the VASs for pain and the MASs did not differ between the randomized groups at baseline. FIM motor score and the MAS for spasticity did not change after 6 weeks intervention therapy and at the 6 months follow-up in both groups. The difference between the two groups was not significant.
After 6 weeks of treatment, VAS pain scores in the lithium carbonate group were significantly greater than those in placebo group (À1±3.97 vs 8.833±14.861; P¼0.034; Figure 5 ). This effect lasted for 6 months (Figure 6 ), 4 and half months after discontinuation of lithium therapy (0.778 ± 17.176 vs 9.389 ± 15.232; P¼0.041). 
Lithium treatment of chronic spinal cord injuries ML Yang et al
Safety and tolerability. The average serum lithium level of the lithium group after 3 days was 0.54 mmol l À1 ±0.152. (n¼19) and was 0.68 mmol l À1 ± 0.155 (n¼18) after 6 weeks. During the 6 weeks of intervention and 6 months follow-up, 16 subjects (80%) in the lithium carbonate and 14 subjects (70%) in the placebo group reported at least one adverse event (P¼0.465). The total number of adverse event reports differed between study groups: 56 versus 30 events in the lithium carbonate and placebo groups, respectively (P¼0.007). The common adverse event in the lithium group was nausea. No server side effects causing organ dysfunction were observed within the therapeutic lithium level.
DISCUSSION
Lithium stimulates proliferation of many types of stem cells, including neural stem cells, 4,5 mesenchymal stem cells, 6,7 hematopoietic stem cells [8] [9] [10] and embryonic stem cells. 11, 12 Lithium also stimulates T cells 13 and enhances survival of neural stem cells. 14 Thus, lithium has many effects that are potentially neuroregenerative for spinal cord injury. In 2011, Wong et al. 2 reported that lithium can be safely given to chronic spinal cord injury patients and can be maintained in a therapeutic range of 0.6-1.2 mmol l À1 over a 6-week period. We consequently designed the current phase II clinical trial to assess the effectiveness of 6-week oral lithium carbonate treatment of chronic spinal cord injury.
In this double-blind, randomized trial, lithium did not change motor scores, sensory scores, ASIA Impairment Scales, FIM motor scores or the MAS for spasticity in 20 patients with chronic spinal cord injury compared with 20 patients who received placebo. This is not surprising, considering that regenerative therapies must 'bridge' the injury site, provide sustained growth factor support and inhibit axonal growth inhibitors known to be present in the spinal cord around the injury site. An individual therapy such as oral lithium may not be sufficient to regenerate the spinal cord.
We worried that lithium may increase neuropathic pain in patients with chronic spinal cord injury. Neurotrophins have been implicated in neuropathic pain, particularly brain-derived neurotrophic factor 15 and nerve growth factor. 16 In our study, about half of the subjects had severe neuropathic pain (VAS scores 450/100). To our surprise, the 6-week course of oral lithium carbonate treatment markedly reduced VAS scores, not only at the end of the 6-week treatment period but also at the 6 months follow-up examination, 4 and a half months after the lithium was stopped. Lithium eliminated severe neuropathic pain of two patients, one with a thoracic and the other with cervical spinal cord injury.
If this effect of lithium can be confirmed by further investigation, what are some potential mechanisms? In 2000, Shimizu et al. 17 reported that intrathecal lithium reduces neuropathic pain responses in a rat model of peripheral neuropathy. Lithium is used clinically to treat cluster headaches. [18] [19] [20] [21] However, lithium is not considered an analgesic, 22 does not activate opioid receptors 23 and may even aggravate pain by antagonizing cholecystokinin octapeptide reversal of opioid effects 24 that may contribute to neuropathic pain after spinal cord injury. 25 Lithium even facilitates endotoxin-mediated hyperalgesia behavior. 26 Thus, lithium is unlikely to be acting through analgesic or a pain-behavior suppression mechanism.
Several recent studies suggest that increasing neurotrophin levels in spinal cord injury or other neuropathic pain models may even alleviate neuropathic pain. For example, NGF, 27 BDNF 28 and NT3 29, 30 all reduce neuropathic pain under certain conditions. It is also possible that neurotrophins need to be associated with inflammation in order to cause neuropathic pain. For example, Chen et al. 31 found that immune activation is required for NT-3-induced axonal plasticity in chronic spinal cord injury. Finally, some neurotrophins may suppress sprouting. Ramer et al. 32 found that endogenous TrkB ligands suppress sprouting and mechanosensory recovery in rats after dorsal root injuries.
Lithium acts by inhibiting glycogen synthetase kinase 3-beta (GSK3B), 33 which in turn inhibits nuclear factors that upregulate growth and survival genes in cells, 34 including the nuclear factor of activated T cells (NFAT) and Wnt. 35 Is GSK3b inhibition associated with relief of neuropathic pain?
Xie et al. 36 demonstrated that morphine-induced apoptosis in microglial cells is mediated via GSK-3beta and p38 MAPK pathways, while targeting microglial signaling might lead to more effective treatments for devastating chronic pain. 37 Parkitna et al. 38 reported that a single intrathecal injection of GSK3b inhibitor can restore the analgesic effect of morphine in morphinetolerant rats.
Should the antidepressive effect of lithium explain its relief of chronic pain? Pain and depression are closely related. Depression can cause pain and pain can cause depression. Sometimes pain and depression create a vicious cycle in which pain worsens symptoms of depression, and then the resulting depression worsens feelings of pain. 39 However, this reason cannot explain the effect lasting 1 and a half months after stopping medication. Figure 6 Four patients in Group B (B10, B17, B18 and B19) had obvious reduction of VASs at 6 weeks and 6 months. In Group A, only one subject had reduced neuropathic pain, but this was after the 6-week treatment period.
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In retrospect, we perhaps should not have worried so much that lithium may increase neuropathic pain. Lithium is still the most effective therapy for manic depression. 40 Millions of people take lithium, often for a lifetime. 41 As many people who take lithium also have neuropathic pain, if lithium aggravated or caused neuropathic pain, such effects would have been reported by now. At serum levels of 0.6-1.2 mmol l À1 , 42 the side effects of lithium are well known, 40 including gastrointestinal pain or discomfort, diarrhea, tremor, polyuria, nocturnal urination, weight gain, edema, flattening of affect and dermatological eruptions. 43 In our study, lithium did not increase visual analog scores in any patient with or without preexisting neuropathic pain.
In summary, our study confirmed that people with chronic spinal cord injury tolerated a 6-week course of oral lithium carbonate treatment well and they showed no evidence of organ dysfunction associated with 0.6-1.2 mmol l À1 blood levels of lithium for 6 weeks. The lithium treatment did not change the neurological outcomes, either in comparison with the control group or relative to the patients' pre-injury scores. However, the treatment reduced neuropathic pain during the 6-week treatment period and appeared to have continuing effects for several months even after the lithium was discontinued.
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